Age-related macular degeneration (AMD) is a leading cause of blindness among elderly in developed nations [1] . AMD is a phenotypically heterogeneous disorder manifested at an early stage by large drusen and pigmentary abnormalities in retinal pigment epithelium (RPE). It progresses to an advanced stage by atrophy of the RPE and photoreceptors of the macula (geographic atrophy or dry AMD), or by the development of choroidal neovascularization (CNV) underneath the retina (neovascular or wet AMD) [2] .
neovascular AMD-I.E., this variant allele was significantly protective against neovascular AMD.
To address these apparently contradictory reports, the current study evaluated the association between the V16A variant and neovascular AMD in a Japanese population. We analyzed a tagging single nucleotide polymorphism (SNP) in addition to the V16A variant to capture all common SOD2 variations verified by the HapMap project [36] . Therefore, there was an increased coverage of this gene in our study as compared to the two previous studies in Japanese populations, which only examined the V16A variant [33, 35] . We also tested for their association with PCV because the disease phenotype was not well described in previous studies [33, 35] . Particularly, the initial study by the Japanese group did not consider the findings from indocyanine green (ICG) angiography in their evaluation [33] , which is the only way to obtain a clear image of PCV lesions. This raises the possibility that their cohort may have included a measurable amount of PCV given its high prevalence in the Japanese population [8] . It has been suggested that attention to phenotype classification is a key aspect of genetic studies of AMD, to avoid variable findings across studies due to underlying sample heterogeneity [37] . Additionally, we performed a meta-analysis to assess the overall effect of the V16A variant on neovascular AMD across the different independent studies.
METHODS

Study participants:
This study was approved by the Institutional Review Board at Kobe University Graduate School of Medicine and was conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants. All case and control participants enrolled in this study were Japanese individuals recruited from the Department of Ophthalmology at Kobe University Hospital in Kobe, Japan. The majority of participants had participated in our previous studies [38, 39] in which phenotyping criteria were fully described. In brief, all our neovascular AMD and PCV patients underwent comprehensive ophthalmic examinations including ICG angiography, and were defined as having angiographically well defined lesions of CNV or PCV. The control participants, who were not related to the case participants, were defined as individuals without macular degeneration and changes such as drusen or pigment abnormalities, and thus were categorized as having clinical age-related maculopathy staging system stage 1 [40] . The demographic details of our study population are presented in Table 1 .
Marker selection: To comprehensively and effectively cover common variations in the SOD2 locus, we ran the Tagger tool [41] from the HapMap project database [36] for the Japanese in Tokyo (JPT) population. The minor allele frequency (MAF) cutoff was set at 0.05; the r 2 cutoff was set at 0.9; and the Tagger Pairwise mode was used. Two SNPs, the V16A variant (rs4880) and rs5746136, were selected for genotyping. On the basis of the HapMap JPT data, these two SNPs captured all seven HapMap SNPs in SOD2, with a MAF greater than 5% and a mean r 2 value of 1.0. Therefore, this set of two SNPs is representative of the common genetic variations in SOD2 because it acts as a proxy marker for other untyped SNPs in this locus.
SNP genotyping: Genomic DNA was extracted from peripheral blood immediately after it was drawn using QIAamp DNA Blood Maxi Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Genotyping was conducted using TaqMan ® SNP Genotyping Assays (Applied Biosystems, Foster City, CA) on a StepOnePlus™ Real-Time PCR system (Applied Biosystems), in accordance with the manufacturer's instructions.
Statistical analysis:
Testing for association was performed using a software package PLINK v1.00 [42] . Deviations from Hardy-Weinberg equilibrium were tested using the exact test [43] implemented in PLINK. The two SNPs reported in the present study did not show significant deviation from HardyWeinberg equilibrium in neovascular AMD, PCV, or control participants (all p>0.05). Single-marker association analyses were performed using the χ 2 -test or Fisher's exact test under allele (1 degree of freedom, df), genotypic (2 df), dominant (1 df), and recessive (1 df) genetic models. To adjust for differences in age and sex between case and control subjects, we performed logistic regression analyses using SNPStats software [44] , assuming an additive genetic model by fitting age and sex as continuous and categorical covariates, respectively. A p>0.05 was considered statistically A total of 116 subjects with neovascular AMD, 140 with PCV, and 189 control participants were enrolled in the present study. The gender breakdown, mean age, and age range of each population are shown. Abbreviations: age-related macular degeneration (AMD); polypoidal choroidal vasculopathy (PCV); standard deviation (SD).
significant. Measures of linkage disequilibrium (LD) and haplotype association statistics were calculated using Haploview software [45] . Omnibus tests of haplotype associations were performed with PLINK.
Power calculations were conducted using QUANTO version 1.2 [46] . Assuming an additive genetic model, we had 80% power to detect an association of the V16A variant with an odds ratio (OR) ≥1.79 (or ≤0.47) for the neovascular AMD sample, and ≥1.70 (or ≤0.51) for the PCV sample.
Hidden population stratification in genetic association studies can generate a spurious positive or negative association [47] . To prevent potential stratification in our study cohort, population stratification was evaluated using STRUCTURE software [48] as described in previous studies [38, 39, 49, 50] . The following 38 polymorphic SNPs, which are not in LD with each other (r 2 <0.04), were used for this analysis:
(21q21.1), and rs3884935 (22q13.1). The log likelihood of each analysis with a varying number of populations (K) was computed from three independent runs (20,000 burn-in and 30,000 iterations). The best estimate of K was defined by calculating posterior probabilities (Pr,K=1, 2, 3, 4, or 5) based on the log likelihood, as described by Pritchard et al. [51] .
A meta-analysis was performed using R and StatsDirect software (StatsDirect, Cheshire, UK). Data from our own study and two earlier case-control studies performed by Kimura et al. [33] and Gotoh et al. [35] were used for the metaanalysis. The study by Esfandiary et al. [34] was not included in the meta-analysis, because the allele and genotype data were unavailable. A summary OR was calculated using the random-effects model of DerSimonian and Laird [52] . Heterogeneity between studies was tested using Cochran's Q statistic [53, 54] and the I 2 statistic for inconsistency [53, 54] . I 2 is a measure of the proportion of total variation across studies due to heterogeneity beyond chance. I 2 is provided by the formula I 2 =100% × Q − (k − 1)/Q, where Q is the Cochran's heterogeneity statistic and k is the number of studies. The Q-test is known to have poor power if there are few studies and is typically considered statistically significant at p<0.1 [53, 54] . On the other hand, I 2 is unaffected by the number of studies, and it is regarded as large for values >50% [55] .
RESULTS
We genotyped V16A (rs4880) to validate the previously reported association and this SNP was supplemented by an additional SNP rs5474613 to increase coverage of the variations in SOD2. These two SNPs captured all common SOD2 SNPs (MAF > 0.05) observed in the HapMap JPT subjects with a mean r 2 of 1.0. The allele and genotype counts and results of single-SNP association analysis are given in Table 2 . Neither of the two SNPs showed a significant association with either neovascular AMD or PCV in any of the genetic models (all p>0.05; Table 2 ). Adjustment for age and sex by logistic regression analyses under an additive model did not affect this conclusion (neovascular AMD, p=0.18 and 0.76 for rs4880 and rs5474613, respectively; PCV, p=0.25 and 0.83 for rs4880 and rs5474613, respectively).
The two SNPs genotyped were in moderate LD with each other (D´=0.75) and haplotype association analyses were conducted using these two SNPs. No significant haplotype associations were found for either neovascular AMD (omnibus p=0.51, 3 df; Table 3 ) or PCV (omnibus p=0.80, 3 df; Table 3) .
Next, population stratification was evaluated by STRUCTURE [48] using 38 unlinked genome-wide SNPs. No evidence of stratification was found in our study cohort [Pr (K=1>0.99)] indicating that population stratification did not account for the results observed in the present study.
Finally, a meta-analysis was performed to assess the association of the V16A variant with neovascular AMD across the different independent studies. Association results from our study (only neovascular AMD) and the two previous Japanese studies [33, 35] were combined using the randomeffects model of DerSimonian and Laird [52] , and a summary OR for the model was calculated based on the allele frequency data. As shown in Figure 1 , the heterogeneity test across studies (Cochran's Q statistic) was significant for this variant (p=0.0014), and inconsistency of the genetic effects across the three studies was high (I 2 =84.8%). No significant association was detected for the V16A variant, with a random-effects summary OR of 0.89 (95% CI, 0.47-1.67). Allele and genotype frequencies of the V16A variant observed in the two previous Japanese studies [33, 35] are shown in Table 4 .
DISCUSSION
To validate the previously described associations of the SOD2 V16A variant with neovascular AMD in Japanese populations [33, 35] , we examined this variant together with an additional SNP to increase coverage of the gene in an independent Japanese population with neovascular AMD. These two SNPs are perfect surrogates of all SOD2 SNPs identified by the Neither of the two SNPs showed a significant association with either neovascular AMD or PCV in any of the genetic models. Alleles 1 and 2 represent major and minor alleles, respectively, and 11, 12, and 22 represent the homozygote of allele 1, heterozygote, and homozygote of allele 2, respectively. The T and C alleles of rs4880 are labeled as alleles 1 and 2, respectively. The G and A alleles of rs5746136 are labeled as alleles 1 and 2, respectively. The genotypic, dominant, and recessive tests for rs4880 were performed using the Fisher's exact test, and the others were performed by the χ HapMap project [36] , and are representative of the common SOD2 variations. We also tested for an association with PCV, given the possibility that the study cohort in previous Japanese studies might have had a measurable amount of PCV [33, 35] . We found no detectable association of the V16A variant or any other common SOD2 variation with either neovascular AMD or PCV by single-SNP or haplotype analysis. Population structure analyses precluded stratification artifact in our study cohort. A meta-analysis of the association between the V16A variant and neovascular AMD also failed to detect a significant association.
SOD2 plays a crucial role in the detoxification of superoxide free radicals, which protects cells from reactive oxygen species-induced oxidative damage [56] . Oxidative stress is a hypothesized pathway for the pathophysiology of AMD [56] , and SOD2 is a reasonable candidate gene for the disease. Kimura et al. [33] and Gotoh et al. [35] reported that opposite alleles at the same variant V16A in the SOD2 gene are positively associated with neovascular AMD in Japanese populations. This phenomenon, referred to as "flip-flop" associations, may serve as additional evidence of a true genetic association in populations of different ancestry (i.e., when noncausal variants are tested, observed effects of the Figure 1 . Meta-analysis of the V16A variant for its association with neovascular AMD. Odds ratios (ORs, black squares) and 95% confidence intervals (CIs, bars) are presented for each study. Also shown is the shaded diamond of the summary OR using the random-effects model of DerSimonian and Laird [52] . The genotype data included in the meta-analysis refer to the description of Kimura et al. [33] and Gotoh et al. [35] . Heterogeneity between studies was tested using Cochran's Q statistic [53, 54] and the I 2 statistic for inconsistency [53, 54] . Abbreviations: AMD represents age-related macular degeneration. The genotype data in Table 3 refer to descriptions made by Kimura et al. [37] and Gotoh et al. [35] . Minor allele frequency of the V16A variant in case subjects were widely divergent; much higher frequency of the variant allele was observed in the Kimura et al.'s study.
variants can vary between studies because of differences in their correlation with other causative variants) [57] . Theoretically, flip-flop associations for a genuine causative variant would not occur in samples of the same ethnic origin and are often regarded as spurious findings [57] . Minor allele frequencies of the V16A variant in control subjects were similar among the two earlier Japanese studies and our own study: 16.8% in the studies by Kimura et al. [33] , 14.5% in Gotoh et al. [35] , and 15.9% in the present study. However, minor allele frequencies of the V16A variant in case subjects were widely divergent; 24.7% in the studies by Kimura et al. [33] , 9.1% in Gotoh et al. [35] , and 12.1% in the present study. This inconsistency could possibly be due to differences in case selection criteria. Given the possibility that the original study might include a measurable number of PCV subjects, the potential role of the V16A variant in PCV was also explored in the present study. We found that the allele and genotype distributions of this variant were very similar between subjects with PCV and neovascular AMD, and the association results were consistent across these two phenotypes. Another possible reason for the much higher frequency of the V16A variant allele observed in the initial study is genotyping error. There are between-study differences in genotyping methods. The initial study used polymerase chain reaction restriction fragment length polymorphism analysis to genotype this variant [33] , whereas we and Gotoh et al. [35] employed the TaqMan technology, which is now a well established technology for genotyping the V16A variant [58, 59] . As shown in previous studies [60, 61] , different genotyping technologies can yield inconsistent genotyping results.
SOD2 maps to chromosome 6q25.3, a region that has not been implicated in AMD by any genome-wide scans [10] . To further validate its association, we accessed the NEI/NCBI dbGAP database, which provides results of genome-wide association study on 395 individuals with AMD and 198 controls from the National Eye Institute Age-Related Eye Disease Study (AREDS). This study looked at three SOD2 SNPs, including the V16A variant and two other SNPs (rs8031 and rs2855116), and found no significant association (all nominal p>0.1), confirming our findings and those of Esfandiary et al. [34] .
In conclusion, we found no evidence to support the role of any common SOD2 variation including the V16A variant in the susceptibility to neovascular AMD or PCV. Our study highlights the importance and difficulty in replicating genetic association studies of complex human diseases. The only way to have complete confidence in genetic association is by conducting independent replications. Further replications will allow a definitive conclusion regarding the etiological relevance of this variant in AMD. ACKNOWLEDGMENTS This study was supported by a Grant-in-Aid (C) 17591836 from the Ministry of Education, Science, and Culture, Tokyo, Japan. The authors have no financial or conflicting interests to disclose.
